PRELIMINARY LCA OF ELECTRICITY GENERATION 
FROM SUGARCANE BAGASSE 


Marguerite Renouf 
Environmental Management Centre, The University of Queensland 
m.renouf@uq.edu.au 


SUMMARY 


This paper presents the findings of a preliminary life-cycle assessment (LCA) of electricity generated from the 
combustion of sugarcane bagasse in Queensland sugar mills. The aim of the study was to determine if bagasse-derived 
electricity provides any environmental benefits over the existing dominant source of electricity in Queensland 
(electricity derived from black coal), and to provide recommendations for an appropriate model for future LCA studies 


of energy systems. 


The study arose from the identification of the need for environmental information and methodologies for comparing 
energy alternatives on environmental grounds to provide guidance to a developing renewable energy market in 


Queensland and to substantiate ‘green energy’ claims. 


Results were generated using both an economic allocation method and a system expansion method. The results provided 


different results, highlighting the affect that methodology can have on the outcomes of a LCA study. 
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1. INTRODUCTION 


The dominant source of power in Queensland is electricity generated from the combustion of black coal. Queensland is 
a large producer of coal, producing enough to meet the electricity demands of the State as well as supplying a lucrative 
export market. Electricity from coal makes up the vast majority of Queensland’s electricity mix, with the remainder 
being met by small amounts from hydroelectricity and landfill gas projects. Queensland’s dependence on fossil fuel- 


based power means that it is a significant generator of greenhouse gases. 


In response to internationally agreed initiatives to reduce greenhouse gas emissions, Federal and State authorities in 
Australia have imposed requirements for power retailers to include renewable energy sources within their electricity 


mix. For Queensland, the target is for power companies to provide at least 2% renewable energy. 


It has been suggested that Queensland’s sugar industry could play a significant role in meeting and possibly exceeding 
targets for renewable energy in Queensland (Dixon et al, 1998). Sugar mills have the capacity to generate electricity 
from the combustion of bagasse, the fibrous residue generated from the milling of sugar cane. Bagasse has traditionally 
been burnt in sugar mills to produce the steam and electricity for the sugar manufacturing process. Sugar mills have 
therefore been self-sufficient for energy and in some instances, have exported surplus electricity to neighbouring 


communities, or more recently to the grid. 


Whilst bagasse is a very convenient energy source for sugar mills, it is generated in excess of needs and therefore is also 
burnt as a means of disposing of it. As a result, combustion efficiencies of bagass boilers have generally been quite low 


and to date, there has been very little incentive for mills to generate electricity efficiency. 


However, the growing demand for renewable energy has generated an interest in bagasse-derived electricity. The 
Queensland Biomass Energy Group (Dixon et al, 1998) has calculated the amount of electricity that could potentially be 
generated from Queensland’s sugar industry as a whole. Using efficient combustion technology, and utilising all 
bagasse currently available, they have predicted that 1,000 MW of electricity could be generated from the Queensland 
sugar industry during the crushing season, which is around 4,000 GWh/yr. Furthermore, they predict that by using 
gasification technology (a technology that provides greater energy recovery potential), and supplementing bagasse with 
the cane trash recovered from the fields, 3,400 MW (20,700 GWh/yr) of electricity could be generated. This represents 
60% of Queensland’s total electricity demand. Based on these predictions, bagasse-derived electricity has significant 


potential for providing a source of renewable energy in the future. 


The Queensland electricity industry also recognises the potential benefits of bagasse-derived electricity as one means of 
achieving the 2% renewables target. As a renewable, biomass-derived energy source, electricity from bagasse will be 
marketed as a ‘green energy’, and will likely be sold by electricity retailers at premium prices. This is based on the 
notion that it is an environmentally sound form of energy. However no studies on the environmental performance of 


bagasse-derived electricity have been undertaken to substantiate this perception. 


In the future, energy generators and retailers may be faced with the requirement to prove the environmental credentials 
of the ‘green energy’ they produce and market, in response to pressure from an increasingly aware consumer base. As a 
result, the need for environmental information and methodologies for comparing energy alternatives on environmental 
grounds will become increasingly important. This identified need for information forms that basis behind the research 


project presented in this thesis. 

The aim of this study is to: 

e Apply LCA to the assessment of bagasse-derived electricity; 

e Determine if bagasse-derived electricity provides any environmental benefits over coal-derived electricity; and 
e Provide recommendations on an appropriate model for future LCA studies of energy systems. 


2. METHODOLOGY 


2.1 Scoping phase 


The system analysed in this study is the production of exported electricity from co-generation associated with the 
combustion of sugarcane bagasse at sugar mills. The processes involved are the growing and harvesting of sugarcane, 
the transport of harvested cane to sugar mills, the production of bagasse as a by-product of the sugar milling process, 
and the combustion of bagasse to generate heat and electricity. The product of interest is electricity that is produced in 
excess of sugar mill requirements and exported to the state electricity grid. Figure 1 is a process flow diagram of the 


system, showing the unit operations that contribute to the system. 


The system is limited geographically to the state of Queensland and is intended to be representative of current 
agricultural techniques practiced by Queensland sugarcane growers, and current manufacturing processes used by 


Queensland sugar mills. 


2.1.1 Scenario development 


The system has been characterised by developing scenarios that aim to reflect current and typical operating practices for 


each unit operation within the system. The scenarios form the base case for the analysis. 


The scenario developed for sugarcane production, harvesting and transport is representative of operating practices 
reported for the years 1995-1999, which is assumed to be indicative of modern cane production practices in 
Queensland. A number of different operating practices exist for cultivation, irrigation, fertiliser and pesticide 
application, as well as harvesting techniques, depending on regional variations in climate and soil type. Cane 
transportation methods can also vary. Wherever possible, process variations are accounted for within the analysis, as a 


proportion of cane producing land to which the practice is applicable. 


The scenario developed for the operations occurring at sugar mills, namely cane milling, bagasse combustion and 
electricity generation, is based on a scenario described by the Queensland Biomass Energy Group (Dixon et al, 1998), 
which represents a likely scenario over the next 10 years. This scenario is a high-pressure steam cycle for a 600 tonne/hr 
sugar mill, in which 45% of the steam is used in the sugar manufacturing process and the remaining 55% is available 


for electricity generation. 
2.1.2 System boundary 


In Figure 1, the area bounded by the border defines the boundary of the system. Processes occurring within the shaded 
area have been included in the life-cycle assessment. Only processes occurring under normal operating conditions are 
considered. Departures from normal operating conditions, such as start-up and shut-down procedures, maintenance and 


emergency conditions are not considered. 


The scenario generated for the analysis assumes that electricity is exported during the cane harvesting and crushing 
season only, when bagasse is available. Other suggested scenarios which would enable year-round electricity 
production include conservation of bagasse supplies during the crushing season (Dixon et al, 1998), supplementation of 
bagasse with field residues (Dixon et al, 1998) and supplementation with wood waste. None of these options are 


assessed in this study, however they represent interesting topics for further study. 
2.2 Life Cycle Inventory 
2.2.1 Data collection 


Much of the data collected for this study was obtained from published literature. Environmental issues associated with 
sugarcane production and milling have received considerable attention in the last five years, and as a result much 
research effort has been directed towards determining the nature and extent of the environmental externalities associated 
with the industry. A large pool of literature and data exists for environmental and resource consumption issues related to 
sugarcane production, such as water use efficiency, trash blanketing, greenhouse gas emissions, fertiliser application 


rates and nutrient runoff. 


Another important source of data for sugarcane production has been statistics produced by the Queensland Canegrowers 


Association and the Bureau of Sugar Experimentation Stations (BSES). 


For those aspects for which published data is lacking, data and anecdotal information was obtained from sugar industry 


specialist, in particular extension officers from the BSES. 


Figure 1 Process flow diagram for electricity generation from sugarcane bagasse 
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For sugar milling and electricity co-generation at sugar mills, published data was not as extensive as for sugarcane 
production. However a key report prepared by the Queensland Biomass Energy Group (Dixon et al 1998), assessing the 
opportunities for electricity co-generation by the Queensland sugar industry, provided much of the data required for this 
component of the study. This was supplemented with unpublished data from research engineers of the Sugar Research 
Institute (SRI). In a number of instances, where Queensland data was not available, it was necessary to use data from 


overseas studies. 


In most instances, it was possible to obtain data generated for the years 1995-1999. Therefore the data related to 
sugarcane production and electricity generation from bagasse is representative of recent operating practices and 


conditions. 
2.3 Impact Assessment 
2.3.1 Impact categories 


Table 1 provides details of the impact categories used in this assessment, including an indication of the major 
contributing substances and the nature of the damage resulting from the impact. It should be noted that the impact 
categories do not cover all environmental problems associated with the system. A number of major issues such as land 
use, loss of bio-diversity and eco-toxicology are not assessed largely due to the poor development of methods for 
measuring these impacts. The characterisation factors for each impact category were based on those from the 


EcoIndicator 95 model. 


Table 1 Description of impact categories 


Impact category Unit Major contributors Nature of damage 
Water use Litres All forms of fresh water | Depletion of water supply, and natural 
consumption water flow 
Greenhouse kg CO) eq CO, , methane Climate change 
Acidification kg SO, SOx, NOx, HCl, NH; Acidification of soil and water bodies, 
loss of arable land and ecosystems 
Eutrophication kg PO; eq NOx, PO., NO3- Algal blooms, ecosystem damage, 
loss of bio-diversity 
Solid waste kg All solid wastes Impacts depend on character of waste 
Energy MJ LHV Coal, gas, oil and hydro | Depletion of energy resources 
reserves 


2.3.2 Impact allocation method 


Results were first generated using an economic allocation of impacts, in which the impacts where allocated to electricity 


production based on its economic value relative to the primary product of the system, which is sugar. 


Sugarcane is grown and milled for the primary purpose of producing sugar, with bagasse produced as a by-product from 
the process. Sugar is the primary product because it has a high economic value in our society. Bagasse has traditionally 
been regarded as a by-product, and possessing little value. Bagasse has been a cheap and convenient source of heat and 
power for sugar mills, and the fact that it has traditionally been burnt inefficiently as a means for disposal as much as a 
means for extracting energy, is evidence of its low value status. More recently, its value has risen somewhat in light of 
the demand for cost-competitive sources of renewable energy in Queensland, and is evidenced by the industry’s 


adoption of efficient co-generation technology. 


The notion of a material being a by-product is therefore linked to its economic value. The economic value of sugar and 
bagasse as proportions of the sugar cane crop has therefore been used as the basis for allocation of environmental 


impacts in this study. 


The sugarcane crop is composed of 13.7% sugar’, 28.7% fibre (bagasse)”, 20% trash and about 35% water. In 1999, the 
average pool price for Queensland sugar was $250/tonne (Canegrowers, 1999) and the current electricity value of 
bagasse has been estimated to be $32.70/tonne’. Therefore, based on the sum of the values of the two key products, 


sugar and bagasse-derived electricity, the total value of the sugar cane crop is $43.63/tonne cane (see Table 2). 


Table 2 Allocation factors for sugar and bagasse 


Proportion of Market value | Value based on proportion | % of crop value 
sugarcane crop ($/tonne) of cane crop 
Sugar 13.7% $250.00 $34.25 78.5% 
Fibre (bagasse) 28.7% $32.69 $9.38 21.5% 
Trash 37.6% Nil Nil 
Water 20.0% Nil Nil 
TOTAL 100.0% $43.63 100.0% 


Therefore 21.5% of the environmental inputs and outputs from the production, harvesting, transport and milling of 


sugarcane to produce bagasse have been allocated to production of bagasse-derived electricity. 


The last unit operation in the system is the combustion of bagasse to generate steam and electricity. For the scenario 
used in the model, 45% of the steam produced is consumed in the sugar manufacturing process, and the remaining 55% 
is consumed in the production of export electricity. Therefore 55% of the environmental inputs and outputs from this 
unit operation are allocated to the production of export electricity. Other useful rationales for determining the allocation 


of impacts between sugar and bagasse may be appropriate, however they have not been explored in this study. 


For this method, the functional unit is the export of 1GWh of electricity The characterised data for 1GWh of bagasse- 
derived electricity have been compared with characterised data for 1 GWh of coal-derived electricity. The life-cycle 
data used for coal-derived electricity is that developed as part of the Life-cycle inventory for electricity and heat in 
Australia (Grant, 1998a), and is based on electricity generated in Queensland from black coal. In undertaking the 
comparative assessment, inventory data for both systems were characterised using the same set of characterisation 


factors. 
2.3.3 System expansion method 


Results were also generated using a system expansion approach. In this approach, the systems compared were sugar 
production with electricity export and sugar production without electricity export, with the function unit being 1 tonne 
of sugar. The sugar production with electricity export system is as described previously. The sugar production without 
electricity export system comprises a sugar mill burning bagasse for steam production for internal mill use only, with 


the system expanded to include the production of electricity from a conventional coal-fired power station. 


' based 7.3 tonnes cane/tonne sugar (5-year average to 1999, Canegrowers, 1999) 

? based on 3.48 tonnes cane/tonne bagasse (Dixon et al, 1998) 

3 If bagasse were burnt principally for the production of electricity, with a conversion efficiency of 35%, then the electricity yield 
would be 3.27 GJ/tonne. Based on an average market value for electricity of $10/GJ bagasse would have a value of $32.70/tonne. 
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The products from both of these systems are 1 tonne sugar and 0.57 MWh of electricity (which is the amount of 
electricity that could be generated and exported from the bagasse generated from the milling of cane to produce 1 tonne 
sugar). However in one system the electricity is generated from the steam produced in excess of requirements in the 


sugar mill and in the other system the electricity is generated from a coal-fired power station. 
3. RESULTS 


3.1 Results for economic allocation method 


Table 3 shows the characterised, unallocated results for 1 GWh of bagasse-derived electricity and Table 4 shows the 


characterised results after the allocation factors have been applied. 


Table 3: Characterised, unallocated results for 1 GWh bagasse-derived electricity 


Unit Cane production Bagasse combustion and TOTAL 
electricity generation 
Water use kL 394,000 0 394,000 
Greenhouse gas kg COs (eq) -11,630,000 3,340,000 -8,290,000 
Acidification kg SO> (eq) 332 637 969 
Eutrophication kg POs (eq) 3,210 9,210 5,050 
Solid waste Kg 176 0 176 
Non-renewable MJ LHV 414,000 0 414,000 
energy input 
Table 4: Characterised, allocated results for 1 GWh bagasse-derived electricity 
Unit Cane production Bagasse combustion and TOTAL 
electricity generation 
Water use KL 84,700 0 84,700 
Greenhouse gas kg COs (eq) -2,500,000 1,840,000 -633,000 
Acidification kg SO (eq) 71.3 350 422 
Eutrophication kg POs ¢eq) 689 1,010 1,700 
Solid waste kg 37.9 0 37.9 
Non-renewable MJ LHV 89,100 0 89,100 
energy input 


The following observations were made from the results: 


3.1.1 Water consumption 
e For cane production, irrigation of cane fields accounts for the vast majority of water used; 


e For bagasse combustion and electricity generation, even though water is a significant process input for condenser 
cooling, all water requirements are met by that extracted from the cane itself, therefore it is assumed there is no 


input of fresh water. 


3.1.2 Greenhouse gases 


e For cane production, there is a net uptake of greenhouse gases during cane production, due to the photosynthetic 
uptake of CO». However there are also releases of greenhouse gases from the burning of the cane in some regions 


and the use of agricultural equipment; 


e For bagasse combustion and electricity generation, greenhouse gases, principally CO , are released from the 


combustion of the bagasse for electricity generation. 


e The carbon dioxide uptake during cane production is considerably greater than the carbon dioxide release from 
bagasse combustion. The reason for this is that only around 30% of the carbon dioxide taken up by the crop is 
converted to the fibrous material of the cane that eventually becomes bagasse, that is subsequently combusted 
releasing carbon dioxide. The remaining 70% becomes sugar and the cane trash, which are diverted away from the 


system. 
e 3.1.3 Acidification 


e During cane production, acidification impacts are attributed to diesel fuel combustion by agricultural machinery for 


cultivation, harvesting and for transport of mill mud; 


e For bagasse combustion and electricity generation, acidification impacts result from the release of sulphur and 


nitrogen oxides (SO, and NO,) released from the combustion of bagasse. 
Eutrophication 
e For cane production, eutrophication impacts result from the runoff of nutrients from cane lands; 


e For bagasse combustion and electricity generation, eutrophication impacts result from the discharge of BOD 


contained in the cooling water effluent. 
Solid wastes 


e For cane production, the small amount of solid wastes are associated with the upstream manufacture of transport 


fuels used in cultivation, harvesting and transport; 


e For bagasse combustion and electricity generation, even though boiler ash is a solid waste from bagasse 
combustion, it is spread on cane lands and therefore utilised within the system. As a result no solid wastes are 


reported for this unit operation. 
Non-renewable energy consumption 


e For cane production, non-renewable energy inputs are attributed to diesel fuel consumption by agricultural 


machinery for cultivation, harvesting and transport of mill mud. 


e For bagasse combustion and electricity generation, non-renewable energy inputs are attributed to the use of fuel oil 


in the start-up of the boiler. 


The characterised data for 1GWh of bagasse-derived electricity have been compared with characterised data for 1 GWh 


of coal-derived electricity, and the results are presented in Table 5 and Figure 2. 


Table 5: Comparison of characterised life-cycle data for bagasse-derived and coal-derived electricity (1GWh) 


Unit (/GWh) Electricity from black coal in Electricity from bagasse in Qld 

Qld (this study) 
(Grant, 1998a) 
Water use kL 4,610 84,700 
Greenhouse gas kg CO3 (eq) 963,000 -633,000 
Acidification kg SOs (eq) 9,460 422 
Eutrophication kg POs eq) 0.246 1,700 
Solid waste kg 228,000 37.9 
Non-renewable MJ LHV 13,300,000 89,100 
energy input 


Figure 2: Comparison of characterised life-cycle data for 1GWh bagasse- and coal-derived electricity 
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3.2 Results for system expansion method 


Table 6 compares the characterised results for the sugar production without electricity export system with the sugar 


production with electricity export system using the system expansion method. 


Table 6: Reduced environmental impacts from the export of electricity from sugar mills (per 1 tonne sugar 
produced) 
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4. DISCUSSION OF RESULTS 


Using the economic allocation method, the results indicate that in comparison with coal-derived electricity, bagasse- 
derived electricity provides environmental benefits for some categories (greenhouse gas emissions, acidification, solid 


waste and non-renewable energy input), but not for others (water consumption and eutrophication). 


Using the system expansion approach, the results show that by co-generating and exporting electricity from sugar mills, 
the net environmental impacts for all impact categories can be reduced. The reduction is equivalent to the impacts of the 
displaced coal-derived electricity. In the sugar production with electricity export, bagasse is combusted more efficiently 
and steam is used more efficiently in the sugar mill allowing for the production and export of electricity using the 
excess steam. In the sugar production without electricity export system, the same amount of bagasse is combusted, 
however it is burned more inefficiently and all of the steam produced is used in the mill. Therefore for both systems, all 
of the bagasse produced from milling is combusted and therefore the emissions to air will be identical. There will be 
very little difference in the environmental impacts of a sugar mill exporting electricity compare with a mill not 
exporting electricity. The upstream cane production process will be identical and all the bagasse will be combusted. 


Therefore the only difference between the systems will be the displacement of coal-derived electricity. 


The results from the two methods show that the method used for generating results can have a significant bearing on the 


end results. The system expansion approach avoids some of the problems associated with the economic allocation. 
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